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Preface 


The  purpose  of  this  study  was  to  develop  a  margin  leveling 
algorithm  for  a  fully  saturated  satellite  transponder  where  code 
division  multiple  access  communications  was  used  as  the  signalling 
scheme.  The  algorithm  successfully  performed  margin  leveling  on  up  to 
twenty  links.  The  leveling  of  additional  links  was  not  feasible  due 
to  the  limited  computer  time  available  at  AF1T. 
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well  as  his  enlightening  telephone  conversation.  Finally,  I  wish  to 
thank  my  wife  Nora  for  her  proof  reading  efforts  and  also  for  her 
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Abstract 


/ 

For  satellite  communications  in  a  noninterfering  environment,  a 
specific  downlink  carrier-to-noise  ratiojis  needed  to  achieve  a 
desired  bit  error  rate.  In  an  interfering  environment,  an  additional 
carrier-to-noise  ratio/ or  margin  is  needed  to  overcome  '-the^nterf  ering 
effects.  A  situation  may  arise  where  the  desired  margins  cannot  be 
achieved  due  to  limited  uplink  and  satellite  transmit  power.  If  this 
is  the  case,  margin  leveling  should  occur  in  order  to  decrease  the 
desired  margins  in  a  specific  manner  until  all  margins  are  achieved. 

The  goal  of  this  thesis  is  to  develop  a  margin  leveling  algorithm 


under  specific  constraints.  The  satellite  under  study  is  assumed  to 

t_i_  »  V  g  't’uV.JC  i'i  *>’  v  -V  >  » *  p  <*" 

be  operating  with  the in  full  saturation.  The  signalling  scheme 

(TpMA) 

used  is  direct  sequence  code  division  multiple  access'Tcommunications. 
Two  methods  of  margin  leveling  are  created.- - ^he  first  being  the 


margin  leveling  of  only  the  links  in  which  the  desired  margins  are  not 
achieved,  ^he  second  being  the  margin  leveling  of  all  links  whether 
the  desired  margins  are  achieved  or  not.  In  the  latter  case,  all 


links  are  leveled  by  an  equal  amount.  - 

/ 

Due  to  the  specific  satellite  mod.gl  used,  the  cascade  of  two 


bandpass  limiters,  the  amount  of,. -computer  time  needed  to  perform 

/ 

margin  leveling  is  quite  high.^/It  is  found  that  the  computer  time 


needed  to  perform  margin  leveling  increases  proportionally  to  the 
square  of  the  number  of  links  accessing  the  satellite.  -  r  1 

Given  the  proper  amount  of  computer  time,  the  results  of  the 
margin  leveling  algorithm  were  as  expected.  For  either  case  of  margin 
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MARGIN  LEVELING  ALGORITHM  FOR  FULLY  SATURATED 
SATELLITE  TRANSPONDER  WITH  CDMA  SIGNALLING 


I.  Introduction 


In  digital  satellite  communications,  the  desired  quality  of 
service,  specified  by  a  bit  error  rate,  is  obtained  by  achieving 
specific  downlink  carri er-to-noise  ratios.  To  overcome  the  transient 
effects  of  rain  attenuation  and  atmospheric  scintillation  which  may 
degrade  the  received  signal,  each  link  is  provided  an  additional 
amount,  of  signal  power  which  in  turn  creates  a  "margin"  for  the 
downlink  carri er-to-noise  ratio. 

The  goal  of  this  thesis  is  to  develop  an  algorithm  which  will 
calculate  *  he  uplink  powers  required  to  provide  each  link  its  desired 
margin.  If  one  or  mere  of  the  desired  margins  are  unachievable  due  to 
limited  uplink  power,  then  one  of  two  scenarios  shall  occur.  Either 
the  margin  for  all  links  shall  be  reduced  (leveled)  by  an  equal  amount 
until  all  margins  are  achieved  or  only  the  unachievable  margins  shall 
be  reduced  until  all  margins  are  achieved.  In  either  case,  the 
difference  between  the  desired  margin  and  the  leveled  margin  must,  be  a 
minimum,  i.e.  at  least  one  uplink  power  will  be  maximized. 

The  problem  becomes  difficult  when  this  goal  is  sought  amidst  an 
environment  of  nen-homogeneous  earth  terminal  antennas  ranging  from  6 
to  6C  feet  in  diameter  and  with  non-uniform  margin  allocations.  Due 
to  the  power  sharing  in  the  satellite  transponder,  it  is  impossible  to 
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the  output  signal  power  can  be  simplified  to  give 


Pso  *  (V12A2/irRn(0))e_A2/2Rn(0)[I0(A2/4Rn(0))+(I1(A2/4Rn(0))]2  (2.33) 

The  output  signal  power  can  now  be  expressed  in  terms  of  the 

uplink  carrier-to-noise  ratio  where  A2/2  is  equivalent  to  the  uplink 

signal  power  entering  the  BPL,  gP  L  ,  and  R  (0)  is  equivalent  to  the 

su  u  n 

uplink  noise  power  entering  the  BPL,  gP  .  With  these  substitutions 

nu 

and  the  fact  that 


CNR 

u 


8lPsuLu/glPnu 


P  L  /P 
su  u  nu 


the  output  signal  power  is  given  as 

-CNR 

Pso  =  (2V12/ir)CNRue  U  [I0(CNRu/2)  +  Ij(CNR  /2)la 


(2.34) 


(2.35) 


From  this  equation,  it  looks  as  though  the  output  signal  power  is 
independent  of  the  LNA  gain,  g^.  This  is  not  entirely  true  since  the 
gain  does  effect  the  noise  power  via  the  noise  figure,  F.  A  larger 
gain  provides  a  lower  system  noise  figure  which  in  turn  decreases  the 
total  noise  power. 

To  find  an  expression  for  the  carrier-to-noise  ratio  out  of  the 

BPL,  the  output  noise  power  is  required.  Since  the  total  output  of 

the  BPL  is  made  up  of  the  signal  power  plus  noise  power,  the  output 

noise  power,  P  ,  can  be  written  as  the  difference  between  the  total 
no 

power  and  the  signal  power. 


P  -  P  -  P  (2.36) 

no  o  so 


The  resulting  output  carrier-to-noise  ratio,  CNR  ,  can  be 

BPL 


15 


where 


A  «  amplitude  of  input  phase  modulation  entering  BPL 

R  (0)  *  noise  power  entering  BPL 
n 

G(w)  *  Fourier  Transform  of  limiter  input-output  characteristic 
For  the  hard  limiter,  the  fourier  transform  of  g(x)  is  given  by 


G(«)  =  F(g(x))  =  2Vi/jo> 


Substituting  Eq  (2.28)  into  Eq  (2.27)  gives 


(2.28) 


P 

so 


2[(2ir)_1  / 


-R  (0)w2/2 

(2V1/w)J1(wA)e  n  dco]2 


(2.29) 


Since  J^(wA)  is  an  odd  function  with  respect  to  w  (3:94),  the 

function,  [ (J, (wA)exp(-R  (0)w2/2 ))/«],  is  even  with  respect  to  w. 

1  n 

With  this  knowledge,  the  output  signal  power  can  be  written  as 


«  -R  (0)w2/2 

P  >»=  2[(2/ir)  S  (V  /cj)J,(<uA)e  n  da>]2  (2.30) 

so  0  1  1 


This  integral  can  be  evaluated  (2:1079)  to  give 


P 

so 


AV.r(i)  F  (i ,2 ,-a2/2R  (0) ) 
_ 1 _ 1  1 _ n _ 

2ir(R  (0)/2)*  T(2) 
n 


(2.31) 


where  ^F^(a,b,x)  is  the  confluent  hypergeometric  function  and  T(x)  is 
the  gamma  function.  Eq  (2.31)  can  be  further  simplified  since 
r(i)m(x)^  and  T(2)-l.  With  the  use  of  the  following  identity  (2:1076) 

1F1(i,2,-x)  -  e’x/2  [  I0(x/2)  +  I^x/2)  ]  (2.32) 
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(2.23) 


g(x)  “  V^utx)  -  u(-x)) 

For  a  combined  carrier  and  noise  input  of  the  form 

x(t)  *  g,a(t)  co s({i)  t  +  0(t))  (2.24) 

1  c 

with  a(t)  and  0(t)  both  being  random  variables,  the  limiter  output 
will  consist  of  a  square  wave  of  amplitude  having  identical  phase 
and  frequency  to  that  of  the  input. 

From  fourier  series  analysis,  the  BPL  output  will  yield 

y(t)  *  (4V  /it)  cos(w  t  +  0(t))  (2.25) 

1  c 

Therefore,  the  BPL  produces  an  rf  carrier  output  with  the  same 

frequency  and  phase  as  that  of  the  input  but  with  a  constant  amplitude 

independent  of  the  input  amplitude.  Thus,  the  BPL  eliminates 

amplitude  modulation  while  preserving  phase  modulation. 

The  total  output  power,  P  ,  consisting  of  carrier  and  noise  power 

o 

is  now  given  as 

P  =  (4V  /ir)z/2  *=  8V  2/ir2  (2.26) 

o  1  1 

For  a  phase  modulated  input  plus  narrow  band  gaussian  noise,  the 

output  signal  power,  P  ,  has  been  shown  in  appendix  A,  Eq  (A. 21),  to 

so 

be 

.  •  -R  (0)w2/2 

Pso  -  2[(2ir)  I  G(w)jJ1(^A)e  n  d^)2  (2.27) 
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minimal  effect  on  the  uplink  carrier-to-nolse  ratio  and  is  not 
included  in  the  downlink  carrier-to-noise  ratio  analysis.  The 
remaining  stages  consisting  of  the  band  pass  limiter  (BPL)  and  the 
travelling  wave  tube  amplifier  (TWTA)  have  significant  effect  on  the 
uplink  carrier-to-noise  ratio  and  are  included  in  the  downlink 
analysis.  The  band  pass  limiter  is  analyzed  first. 

Band  Pass  Limiter.  The  limiter  is  modeled  as  a  hard  limiter 
having  the  input-output  characteristics  as  shown  in  figure  2.3.  A 
hard  limiter  is  typically  used  prior  to  the  TWTA  to  assure  a  constant 


-10  -50  5  10 


input  (volt®) 

Fig.  2.3.  Limiter  Input-Output  Characteristic 

envelope  input  into  the  TWTA.  The  input-output  characteristic,  g(x), 
can  also  be  written  in  terms  of  unit  step  functions,  u(x). 


(2.22) 


CNR  =  E,/N  +  R  -  B  +  M  (db) 
b  o  d  rf 

where  M  is  the  link  margin. 

Satellite  Transponder  Model 

A  basic  model  of  a  satellite  transponder  is  shown  in  figure  2.2. 
The  received  signals  enter  the  satellite  through  the  antenna  and  the 


frequency  translator 


Fig.  2.2.  Satellite  Transponder  Model 

low  noise  rf  front  end.  The  noise  figure  of  the  rf  front  end 
contributes  to  the  uplink  noise  power  as  shown  in  Eqs  (2.8)  and  (2.9). 
The  frequency  translator  shifts  the  uplink  spectrum  from  one  frequency 
band  to  a  another  non-overlapping  band  and  has  minimal  affect  on  the 
carrier  and  noise  powers.  Thus,  the  translator  has  a 
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E, /N  is  used  to  characterize  the  performance  of  a  system.  E,  /N  is 
bo  bo 

the  energy  per  bit  (E  )  divided  by  the  noise  spectral  level  (N  ).  The 

b  o 

downlink  carrier-to-noise  ratio  can  be  written  as  a  function  of  E,/N 

b  o 

as  shown  here. 

CNR  *  Carrier  Power  /  Noise  Power  (2.20) 

From  the  relationship  between  power  and  energy  and  Eq  (2.8),  the 
carrier-to-noise  ratio  can  be  rewritten  as 

CNR  *  E  /  T  N  B  =  E  R  /  N  B  (2.21) 

b  b  o  rf  b  d  o  rf 

where 

E  =  energy  per  bit 
b 

T  ■  bit  duration  =  1/data  rate  =  1/R, 
b  d 

B  =  rf  bandwidth 
rf 

Given  a  desirable  probability  of  bit  error  and  the  type  of 

signalling  (i.e.  PSK,  FSK,  ...)  it  is  possible  to  find  the  E  /N 

b  o 

needed  to  provide  that  probability  of  bit  error.  With  this  E  /N  ,  the 

b  o 

data  rate,  and  the  rf  bandwidth,  the  required  downlink 
carrier-to-noise  ratio  can  then  be  found. 

It  is  common  practice  to  include  a  link  margin  in  the 
calculations  of  the  desired  carrier-to-noise  ratio.  The  margin  is 
provided  to  overcome  the  transient  effects  of  rain  attenuation  and 
atmospheric  scintillation  which  may  degrade  the  received  signal.  In  a 
jamming  environment,  the  margin  may  be  added  to  defeat  the  jammer. 

For  either  case  the  downlink  carrier-to-noise  ratio  can  now  be  written 
as 

10 


V  v 


A '.V  V 


.’•WAV.' '■ 


loss,  L  ,  is  defined  as 
d 


L  ■  c  L  L  e 
d  “2s  pd  ad“lr 


(2.14) 


From  Eqs  (2.12)  and  (2.13),  the  total  received  power  is  then 


P  -  GP  L  +  P  +  GP  L  L, 
rd  nu  d  nd  su  u  d 


(2.15) 


The  downlink  carrier-to-noise  ratio  (CNR  )  at  the  receiver  can 

d 

then  be  written  as 


CNR 

d 


received  signal  power 
total  received  noise  power 


nu 


L  La 

su  u  d 


Ld  +  P 


nd 


(2.16) 


If  the  uplink  carrier-to-noise  ratio  is  defined  as 


CNR 

u 


received  signal  power  at  satellite 
received  noise  power  at  satellite 


P  L 
su  u 


nu 


(2.17) 


and  the  receiver  carrier-to-noise  ratio  is  defined  as 


CNR 

r 


received  signal  power  at  receiver 
received  downlink  noise  power  at  receiver 


P  GL  L 
su  u  d 


(2.18) 


From  Eqs  (2.16),  (2.17)  and  (2.18),  the  downlink  CNR  can  now  be 
written  as 


CNR,-1  =  CNR  _1  +  CNR  _1  (2.19) 

d  u  r 

It  is  seen  that  the  downlink  carrier-to-noise  ratio  depends  upon 
the  uplink  carrier-to-noise  ratio  as  well  as  the  receiver 
carrier-to-noise  ratio  and  it  can  never  exceed  either  one. 

For  digital  communications,  a  commonly  used  parameter  known  as 
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where 


P^u  =  total  uplink  power  collected  at  satellite  front  end 

Pnu  =  total  uplink  noise  power  collected  at  satellite  front  end 

Pgu  *  uplink  power  transmitted 

L  =  uplink  gains  and  losses  =  (g,  L  L  g,  ) 
u  r  e  slt  au  puels 


nu 


♦ 


Fig.  2.1.  Ideal  Uplink-Downlink  Satellite  Model 


With  a  gain  of  G,  the  transmitted  power  prior  to  the  satellite 
transmitting  antenna,  P^,  is  then 


P  =  GP  +  GP  L 
T  nu  su  u 


(2.12; 


The  total  received  power  at  the  downlink  receiver,  P  ,  is  a 

rd 

combination  of  downlink  noise  and  transmitted  satellite  power  and  is 
written  as 


rd 


Vd 


+  p 


nd 


(2.13! 


where  P  ,  is  the  total  received  downlink  noise  power  and  the  downlink 
nd 
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L  ■ 


directed  at  the  earth,  the  value  of  T  is  a  fairly  constant  300  *K. 

However,  for  an  earth  based  antenna  directed  into  space,  the  value  of 

depends  on  the  transmitted  frequency,  the  elevation  angle  and  the 

rainfall  rate.  Moderate  rainstorms  below  10  mm/hr  have  only  minimal 

affect  on  T  ,  but  severe  rainstorms  can  cause  T  to  increase  by  as 
d  b 

much  as  50  *K. 

From  Eqs  (2.4),  (2.7)  and  (2.8),  the  carrier-to-noise  ratio  can 
be  written  as 

CNR  =  EIRP(L  L  )(g  /T  ) ( 1/B  )(l/k)  (2.10) 

p  a  r  eq  r 

As  arranged,  the  carrier-to-noise  ratio  is  a  product  of 
transmitter,  propagation,  receiver  and  bandwidth  parameters. 

It  is  now  possible  to  perform  an  up-downlink  analysis  on  a 
simple,  one  link,  satellite  transponder  assumed  to  have  linear  gain 
and  frequency  translation.  Frequency  translation  is  the  shifting  or 
translating  of  the  uplink  spectrum  to  an  adjacent,  non-overlapping 
frequency  band.  This  allows  the  use  of  a  single  antenna  for  both 
reception  and  transmission. 

Refering  to  figure  2.1,  the  total  uplink  power  collected  at  the 
satellite  front  end  consists  of  a  signal  and  a  noise  component  and  can 
be  written  as 

P  =  P  +  P  L  (2.11) 

ru  nu  su  u 


The  CNR  is  defined  as 


CNR  *=  (P  /P  )  (2.7) 

r  n 

where 

P  *  signal  power  received 

P  =  noise  power  received 
n 

The  received  noise  power  is  the  undesired  power  which  interferes 
with  the  desired  signal.  The  main  contributor  of  the  noise  power  is 
cosmic  sources  and  receiver  electronics.  The  amount  of  noise  power 
present  depends  upon  the  following  relationships: 

P  =  lcT  B  =  N  B  (2.8) 

n  eq  r  or 

where 
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k  =  Boltzr.an's  constant  =  1.379x10  ,  v?/*K  Hz 

T  =  e9u^va^ent  receiver  noise  temperature  ,  ®K 

B  =  receiver  bandwidth 
r 

The  equivalent  noise  temperature  can  be  written  as 

T  =  T  +  (F-l)T  (2.9) 

eq  b  o 

where 

T  =  background  noise  temperature  (antenna  noise  temperature)  ,  °K 
b 

F  =  receiver  noise  figure 

T  «  290  #K 
o 

The  background  noise  temperature  accounts  for  noise  collected  by 

the  antenna  and  the  noise  figure  accounts  for  any  additional  noise. 

The  value  of  T  is  dependent  upon  the  specific  noise  characteristics 
b 

which  the  antenna  is  observing.  For  a  satellite  receiving  antenna 


=  power  received 

P  «  power  transmitted 

=  gain  of  transmit  antenna 

L  =  atmospheric  losses 
a 

The  effective  area  of  the  receiving  antenna  can  be  written  in 
terms  of  the  receiving  antenna  gain,  g^,  and  the  wavelength,  X. 

A  =  X2g  /4ir  (2.21 

e  6r 

Combining  Eqs  (2.1)  and  (2.2)  gives 

P  -  P  e  (A/4irr)2  l  g  (2.3; 

r  t  t  a  r 

which  can  be  rewritten  as 

P  =  (EIRP)L  L  g  (2.4; 

r  p  a  r 

where  EIRP  is  the  effective  isotropic  radiated  power  from  the 

transmitter,  (P  g  ),  and  L  is  defined  as 
t6t  p 

L  =  (X/4ur)2  (2.5 

P 

The  parameter  L  is  known  as  an  effective  propagation  loss  due  to  the 
P 

spreading  of  the  signal  as  it  propagates  away  from  the  source.  Eq 
(2.4)  can  also  be  written  as 

P  =  EIRP  +  L  +  L  +  g  (db)  (2.6 

r  par 

A  key  parameter  characterizing  the  performance  of  a 
communications  system  is  the  received  carrier-to-noise  ratio  (CNR). 


II.  Satellite  Communications  Theor 


The  goal  of  this  thesis  is  to  create  an  algorithm  that  levels  the 
margins  of  various  satellite  links  given  that  the  satellite 
transponder  is  operating  in  saturation  and  code  division  multiple 
access  (CDMA)  communications  is  used  for  each  link.  In  order  to  fully 
understand  the  problem,  it  is  essential  that  the  basic  satellite 
channel  be  understood  first. 

This  chapter  presents  some  of  the  basic  theory  behind 
communication  satellites.  The  satellite  channel  is  reviewed  and  the 
basic  satellite  link  equations  are  derived.  The  satellite  transponder 
is  also  discussed  and  near  the  end  of  this  chapter  code  division 
multiple  access  (CDMA)  communications  is  introduced. 


Link  Equations 

The  theory  presented  in  this  and  the  upcoming  section  is 
referenced  from  Gagliardi  (1:83-192). 

On  an  earth  to  satellite  communications  link  there  exists  an 
earth  transmitter  and  a  satellite  receiver  separated  by  a  propagation 
distance  r.  For  a  transmit  power  of  ,  the  power  intercepted  by  the 
satellite  receiving  antenna  with  an  effective  area  of  A  ,  is  given  by 


*  -  (P  S  A  L  )/(4.r2) 


(2.1) 


discusses  the  two  types  of  margin  leveling  to  be  achieved  as  well  as 
the  algorithm  used  to  achieve  margin  leveling.  The  results  of  margin 
leveling  is  shown  in  chapter  6  as  well  as  the  time  required  for  the 
algorithm  to  converge  as  the  number  of  link  accessing  the  satellite 
increases.  In  chapter  7,  limitations  to  the  algorithm  are  discussed 
and  recommendations  are  given  for  algorithm  improvement. 


create  a  change  in  the  carrier-to-noise  ratio  of  a  single  link  without 
effecting  the  carrier-to-noise  ratios  of  the  other  links.  This 
problem  becomes  more  severe  when  the  satellite  transponder  is 
saturated  as  would  be  the  case  when  trying  to  prevent  the  AM-PM 
effects  which  occur  in  a  non-saturated  transponder.  The  effect  of  the 
saturated  transponder  is  to  cause  signals  with  low  input 
carrier-to-noise  ratios  to  becone  even  lower  at  the  output  and  to 
cause  signals  with  high  input  carrier-to-noise  ratios  to  become  higher 
at  the  output. 

To  deal  with  these  problems,  a  mathematical  model  of  the 
saturated  satellite  transponder  is  created  and  analyzed  to  determine 
the  downlink  carrier-to-noise  ratio  given  the  uplink,  the  downlink, 
and  the  satellite  parameters.  The  resulting  equations  which  emerge 
are  analytically  noninvertable,  so  successive  iteration  of  the  derived 
equations  is  performed  until  the  desired  margins  for  each  link  are 
either  achieved  cr  the  uplink  power  for  that  link  is  maximized.  A* 
this  point,  margin  leveling  is  performed  if  necessary. 

Chapter  2  of  this  report  deals  with  the  basic  theory  of  satellite 
communications  involving  link  equations,  effects  of  a  hard  limiting 
and  an  introduction  to  code  division  multiple  access  communications. 
Chapter  3  discusses  the  specific  satellite  model  used  as  well  as  the 
derivation  of  the  equations  which  obtain  the  downlink  carrier-to-noise 
ratio  for  the  satellite  links. 

Chapter  4  discusses  the  validity  of  the  downlink  carrier-to-noise 
ratio  equations  by  comparing  intermediate  results  with  the  known 
results  of  other  authors  given  a  2  and  4  link  system.  Chapter  3 


written  as 


Fig.  2.4.  T  Versus  Uplink  Carrier-to-Noise  Ratio 


From  Eq  (2.41),  it  appears  that  the  receiver  carrier-t o-noise 
ratio  is  unaffected.  However,  this  is  misleading  as  can  be  seen  by 
the  definition  of  the  receiver  carrier-to-noise  ratio. 

From  Eq  (2.18),  the  receiver  carrier-to-noise  ratio  is  defined  as 


CNR 

r 


signal  power  at  receiver 
downlink  noise  power  at  receiver 


(2.42) 


which  for  the  case  of  the  BPL  preceeding  a  TWTA  with  a  linear  gain  of 


G,  is  written  as 


CNR  =  P  GL  /P  .  -  f (CNR  ,P  .)  (2.43) 

r  so  d  nd  u  nd 

The  receiver  carrier-to-noise  ratio  is  no  longer  just  a  function 

of  the  uplink  signal  power  and  downlink  noise  power  as  shown  in  Eq 

(2.18).  The  receiver  carrier-to-noise  ratio  is  also  a  function  of  the 

uplink  carrier-to-noise  ratio  since  P  is  a  function  of  the  uplink 

so 

carrier-to-noise  ratio. 

Travelling  Wave  Tube  Amplifier.  Following  the  bandpass  limiter  in  the 
satellite  model  is  the  adjustable  power  amplifier  and  the  travelling 
wave  tube  amplifier  (TWTA)  which  are  used  for  final  amplification  of 
the  communication  signals  prior  to  retransmission. 

The  TWTA  is  designed  to  amplify  constant  amplitude, 
phase-modulated  signals.  Variations  of  input  signal  amplitude  during 
amplification  produce  undesirable  phase  and  amplitude  modulation  of 
the  input  signal,  thus  the  need  for  a  limiter  prior  to  the  TWTA.  The 
undesirable  phase  modulation  is  referred  to  as  AM/PM  conversion  while 
the  undesirable  amplitude  modulation  is  referred  to  as  AM/AM 
conversion. 

A  general  AM/AM  conversion  characteristic  curve  is  shown  in 
figure  2.5.  For  relatively  low  level  input  voltages,  the  TWTA  acts  as 
a  linear  device.  However,  as  the  input  voltage  increases,  the  output 
voltage  increases  nonlinearly  until  the  input  drives  the  TWTA  into 
full  saturation.  The  input  power  at  which  output  saturation  occurs  is 


relative  input  voltage 

Fig.  2.5.  TWTA  AM/AM  Conversion  Characteristic  Curve  (1:174) 

called  the  input  saturation  power.  The  ratio  of  the  input  saturation 
power  to  the  desired  input  power  is  called  the  input  backoff. 
Increasing  the  input  backoff  decreases  the  output  power  but  improves 
the  linearity. 

The  maximum  output  power  available  from  the  TWTA  is  known  as  the 
output  saturation  power.  The  ratio  of  the  output  saturation  power  to 
actual  output  power  is  called  the  output  backoff.  An  increase  in  the 


input  backoff  causes  an  increase  in  the  output  backoff.  The  input 


backoff  of  the  TWTA  is  controlled  by  the  adjustable  power  amplifier 
preceeding  the  TWTA. 

In  some  satellite  links  it  may  be  desired  that  the  TWTA  operate 
at  saturation.  In  a  jamming  environment,  a  linear  operating  TWTA  can 
be  caused  to  operate  nonlinearly  due  to  the  additional  input  power 
from  the  jammer.  The  jammer  thus  causes  AM/AM  distortion  to  occur 
which  causes  a  decrease  in  the  downlink  carrier-to-noise  ratio.  If 


the  system  were  designed  to  operate  at  saturation,  the  jammer  can  no 
longer  initiate  the  AM/AM  distortion  since  it  already  exists. 

For  the  case  of  a  fully  saturated  transponder,  the  AM/AM 
conversion  characteristic  is  modeled  as  a  hard  limiter.  In  the 
remaining  analysis,  this  model  of  the  TWTA  shall  be  used. 

In  addition  to  the  undesirable  amplitude  modulation  caused  by  the 
TWTA,  an  undesirable  phase  modulation  known  as  AM/PM  conversion  also 
exists.  A  typical  AM/PM  conversion  characteristic  curve  is  shown  in 
figure  2.6.  For  an  input  to  the  TWTA  of  the  form 


x(t)  «  (A  +  A(t))cos(cut  +  0(t)) 


The  output  phase,  4>( t),  is  of  the  form 


(2.44) 


$(t)  *  wt  +  0(t)  +  $(d(t)) 


(2.45) 


However,  for  a  constant  amplitude  input  (hard  limiting  prior  to  the 
TWTA;  A(t)  is  a  constant)  the  additional  phase  4>(A(t))  is  a  constant 
and  is  dealt  with  at  the  receiver. 


'.'.-.I 

V.v.-J 


normalized  input  voltage  (db) 

Fig.  2.6.  TWTA  AM/PM  Conversion  Characteristic  Curve  (1:178) 

In  sumnary,  a  satellite  with  a  fully  saturated  TViTA  can  be 
modeled  as  having  two  band  pass  limiters  in  series.  The  first  being 
an  actual  band  pass  limiter  and  the  second  being  the  TWTA  operating  a 
saturation. 

The  resulting  downlink  carrier-to-noise  ra*io  for  a  single 
carrier  input  into  a  satellite  with  a  fully  saturated  TWTA  can  be 


writ  ten  as 


(CNR  )  1  =  (T 'CNR  )_1  +  (CNR  )_1 
d  u  r 


(2.46) 


where 


carrier-to-noise  ratio  out  of  TWTA 
uplink  carrier-to-noise  ratio 


CNR, 


TWTA 


CNR 


(2.47) 


which  can  be  rewritten  as 
-TCNR 


I 


(W4)Te  u  [  T  (rCNR  /2)  +  I.(rCNR  /2)  ]: 
_ 1  0 _ u _ 1 _ u _ 

-rCNR 


(2.48) 


1  -  (,/4)rcmue  1  Io(rc,®u/2)  4  VrcKR„/2>  la 


wl’.ere  T  Is  defined  in  Eq  (2.40).  This  result  is  due  to  the  fact  that 

the  input  into  the  second  BP1.  (TWTA)  is  TCNR  and  that 

u 

r'  *  Wnm  *  (C“BPl/C"V(raWC“W)  ■  c»W/CN,'u  «•*»> 

The  adjustable  power  amplifier  gain,  g^»  shown  in  figure  2.2,  has 
no  efiect  on  the  downlink  carrier-to-noise  ratio.  This  is  because  the 
carrier-to-noi se  ratio  out  of  the  amplifier  and  into  the  TWTA  is 
identical  to  the  carrier-to-noise  ratio  entering  the  amplifier.  Since 
both  the  noise  and  the  signal  are  amplified  by  an  equal  amount,  the 
ratio  of  the  two  remains  constant. 

In  Eq  (2.46),  the  receiver  carrier-to-noise  ratio,  CNR^,  is  again 
defined  as  the  ratio  of  the  received  signal  power  at  the  receiver  to 
the  received  noise  power  at  the  receiver  and  is  written  as 


CNR  =  P  L./P  . 
r  so  d  nd 


(2.50) 
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V  4 


L- 


J?so  -  (2VT2/ir)rCNRue  u  [IgCrCNR^/2)  +  I^rCNR^)  ]2  (2.! 

The  effects  of  having  two  BPL  in  series  is  shown  in  figure  2.7 
with  a  graph  of  T*  versus  the  uplink  carrier-to-noise  ratio,  CNR^. 
From  this  graph  and  the  graph  of  figure  2.4,  it  is  seen  that 


-20  -10  0  10  20 

CNR  <db> 

Fig.  2.7.  r',T2  Versus  Uplink  Carrier-to-Noise  Ratio 

two  band  pass  limiters  produce  twice  the  effect  of  one  band  pass 
limiter.  The  graph  of  I”  is  basically  the  graph  of  (T)2,  as  figure 


2.7  shows.  This  can  be  explained  by  the  fact  that  the  BPL  effects  the 


uplink  carrier-to-noise  ratio  by  a  maximum  of  3db  causing  t0 

differ  only  slightly  from  T  T  ,  therefore  T’  =  TP  s  T _ 2. 

BPL’  BPL  TWTA  BPL 

In  the  next  chapter,  chapter  3,  the  fully  saturated  satellite 
transponder  shall  be  analyzed  with  an  input  consisting  of  more  than 
one  carrier.  However,  first  the  remainder  of  this  chapter  shall 
discuss  the  concept  of  code-division  multiple  access  communica* ions . 


Introduction  to  CDMA 

In  code  division  multiple  access  (CDMA)  satellite  communications 

systems,  each  uplink  utilizes  the  entire  satillite  bandwidth  and 

transmits  to  the  satellite  whenever  desired.  The  links  are  separated 

by  uniquely  separable  pseudo-random  codes  and  require  no  time  or 

frequency  separation.  If  the  code  is  modulated  directly  on  the 

carrier,  the  format  is  referred  to  as  direct  sequence  CDMA  (DS-CDMA ) . 

If  the  code  is  used  to  continually  change  the  carrier  frequency,  it  is 

referred  to  as  frequency  hopped  CDMA  (FH-CDMA).  The  upcoming  analysis 

deals  only  with  DS-CDMA  systems. 

A  simplified  diagram  of  the  DS-CDMA  transmitter  is  shown  in 

figure  2.8.  The  digital  data  to  be  transmitted  is  denoted  by  d^(t) 

(d^(t)  *  ±1)  where  i  signifies  the  ith  uplink.  The  psuedo-randon  code 

is  denoted  by  q  (t)  (q  (t)  *  ±1)  with  a  chip  time  of  T  ,  where  as 
11  q 

d  (t)  has  a  bit  time  of  T  ,  (T  >>T  ).  The  sequence,  q.(t),  is 
l  d  d  q  i 

periodic  with  k  binary  symbols  (chips)  per  period.  It  is 
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Fig.  2.8.  Direct  Sequence  CDMA  Model ator/Transmit ter 

generally  the  case  that  T  SkT  .  That  is,  the  data  bit  time  is  less 

d  q 

than  or  equal  to  the  pseudo-random  code  period. 

The  product  of  the  data  and  the  code,  m.(t),  is  modulated  by  a 
BPSK  modulator  and  transmitted  to  the  satellite.  Each  earth  station 
forms  its  PSK  carrier  in  the  same  manner,  each  with  the  same  rf 
frequency  but  with  different  pseudo-random  codes.  The  satellite 
receives  the  sum  of  the  transmitted  signals  and  retransmits  the  sum 
back  to  the  earth  via  a  translated  freauency  band.  The  receiver  then 
extracts  the  data  which  was  intended  for  that  specific  user. 

Throughout  this  thesis,  phase,  frequency  and  time  synchronizations  are 
assumed  even  though  synchronization  is  generally  the  limiting  factor 
in  CDMA  performance. 

A  general  diagram  of  a  DS-CDMA  receiver  is  shown  in  figure  2.9. 
The  received  signal,  assuming  an  ideal  linear  satellite  transponder 


Fig.  2.9.  Direct  Sequence  CDMA  Demodulator/Receiver 


with  zero  noise,  is  given  by 


M 

r(t)  =  I  A  /l*.  cos(w  t  +  nm.(t)/2) 
i-1  1  1  C  1 


where 

A^  =  transir.it  ted  carrier  amplitude  of  ith  link 
=  total  uplink,  downlink  losses  of  ith  link 
M  =  number  of  links  accessing  the  satellite 

Since  tn^(t)  =  ±1,  the  received  signal  can  be  rewritten  as 

M 

r(t)  =  -  E  A yT7.  m.  (t )sin(«*>  t) 

1=1  1  1  1  c 


and  the  output  of  the  integrator  for  the  jth  link,  y  (t),  can  be 

j 


written  as 


.  -  -  -V  *v  V  V 


M  T 

y.(t)  =  T  ,_1  z  A./L  ;  d  m.(t)q.(t)  dt 
j  d  i=l  1  1  0  1  J 


(2.54) 


Since  d.(t)  is  constant  over  the  bit  time,  T  ,  Eq  (2.54)  can  be 
i  d 

written  as 


y.(t)  =  T,"1  I  A./T  d.  /  d  q  (t)q  (t)  dt 
i  a  i  i 

J  i=l  U  J 


(2.55) 


If  the  codes  for  each  link  are  truely  orthogonal,  i.e. 


T,'1  /  d  q.(t)q.(t)  dt  = 
d  n  1  J 


1  ,  i=j 
0  ,  i*j 


(2.56) 


then  y.(t)  can  be  further  simplified  to 
J 

y  .  (t )  =  A./T.  d. 

.1  t  j  j 

where  d.(t)  can  be  derived  from  the  sign  of  y,(t). 

3  3 

It  is  noted  that  many  simplifying  assumptions  are  made  in  the 
process  of  analyzing  the  DS-CDMA  communica* ion  system.  These 
assumptions  are  made  *o  simplify  the  mathematics  in  showing  the  basic 
structure  behind  DS-CDKA  communications.  In  the  analysis  to  follow, 
the  assumptions  of  receiver  sysnchronizat ion  and  orthogonal 
pseudo-random  codes  will  still  hold,  whereas  the  assumptions  of 
negligible  noise  and  a  linear  satellite  transponder  will  be  dropped. 
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III.  Hard  Limiting  of  Multiple  Carriers 

In  the  latter  section  of  chapter  two,  the  concept  of 
code-division  multiple  access  satellite  communication  was  introduced 
where  multiple  carriers  are  passed  through  the  satellite  transponder. 
This  chapter  is  devoted  to  the  carrier-to-noise  ratio  analysis  of 
those  CDMA  signals.  The  analysis  begins  with  the  assumption  of  a 
linear  satellite  transponder  and  then  moves  onto  the  hard  limiter 
transponder. 


CDMA  Link  Analysis  With  Linear  Transponder 

In  CDMA  communications,  each  uplink  can  occupy  the  entire 
satellite  bandwidth  and  the  number  of  links,  M,  is  limited  by  the 
effects  of  power  sharing  and  the  ability  of  obtaining  M  nearly 
orthognal  pseudo-random  codes. 

As  shown  in  figure  3.1,  the  ith  uplink  power  received  at  the 

front  end  of  the  satellite,  P  ,  can  be  written  as 

rui 


P 

rui 


P  <L  < 
sui  ui 


(3.1) 


where 


P  .  *  uplink  transmit  power  of  ith  link 
sui 

L  ,  *  uplink  gains  and  losses  of  ith  link  =  g.  L  L  .  g, 
ui  it  aui  pui  Is 
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Fig.  3.1.  Multilink  Satellite  Channel  Model 


The  total  noise  power  entering  the  satellite  with  an  rf  bandwidth 
of  is  shown  by  Eq  (2.8)  to  be 


P  =  kT  B  =  N  B  (3.2) 

nu  eq  r  or 


Therefore,  the  total  received  uplink  power  entering  the  satellite. 


P  ,  can  be  written  as 
ru 


M 

P  *  P  +  Z  P  L  J 
ru  nu  sui  ui 


(3.3) 


For  a  linear  transponder,  the  incoming  signals  are  frequency 


translated  and  amplified  by  a  gain  of 


Fig.  4.1.  BPL  Output  Power  Ratio  vs.  Input  Power  Ratio  (2  Links) 

suppression  can  change  the  input  power  ratio,  (P.  /P,  ),  by  as  much 

ml  m2 

as  ±6.0  db. 

When  two  band-pass  limiters  are  cascaded  the  effect  is  doubled  as 
shown  in  figure  4.2.  The  carrier  suppression  can  now  reach  ±12  db. 


IV.  Verification  of  Preliminary  Results 


In  chapter  three,  an  equation  was  derived  to  determine  the 
downlink  carrier-to-noise  ratio  for  M  communication  links  accessing  a 
satellite  with  a  fully  saturated  TWTA.  Since  this  equation  is  to  be 
used  to  iteratively  obtain  the  required  uplink  power  needed  to  provide 
a  specific  downlink  carrier-to-noise  ratio,  it  is  first  important  that 
the  algorithm  to  obtain  the  downlink  carrier-to-noise  ratio  be  tested 
and  verified  with  known  results.  This  verification  is  accomplished  by 
duplicating  known  results  for  the  output  of  a  single  band-pass 
limiter.  With  the  verification  of  these  results,  it  can  be  assumed 
that  the  equations  which  produce  the  downlink  carrier-to-noise  ratio 
are  valid,  since  the  equations  are  the  result  of  the  cascade  of  two 
band-pass  limiters. 

Two  Link  Verification 

For  the  case  of  two  links  accessing  a  satellite,  with  a  high 

uplink  carrier-to-noise  ratio,  the  ratio  of  the  band-pass  limiter 

outputs  for  each  link,  (P  /p  ),  versus  the  input  power  ratios, 

BPL1  BPL2 

(P.  ,/P.  .),  is  shown  in  figure  4.1.  This  figure  is  identical  to  that 
ini  in2 

obtained  by  Gagliardi  (1,202).  It  is  seen  from  figure  4.1  that  the 
band-pass  limiter  attenuates  weak  signals  and  amplifies  strong 
signals.  This  effect  is  referred  to  as  carrier  suppression  and  shows 
the  disadvantage  of  simultaneously  passing  strong  and  weak  signals 
through  a  band-pass  limiter.  This  effect  of  carrier 
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where 


L  =  ith  link  downlink  losses  =  (g„  L  L  g  ) 
di  2s  adi  pdi  ir 

P  ,  ■  ith  link  downlink  noise 

ndi 

M 

R  (0)  =  noise  power  out  of  BPL  =  (8V  2/tt2  I  P  ) 
no  1  soi 

VTW  =  TWTA  voltaSe  llmit 
Vj  *  BPL  voltage  limit 

Pgoi  =  ith  carrier  signal  power  out  of  BPL,  Eq  (3.36) 


A  signal-to-noise  ratio  per  bit  can  easily  be  obtained  from  the 
downlink  carrier-to-noise  ratio  and  is  given  by 


(E  /N  )  =  CNR  T  B  =  CNR  B  /R,  (3.42) 

bod  d  b  r  ard 


where 


T  =  bit  time  duration 
b 

B  =  satellite  bandwidth 
r 

R  =  1/T  *  data  rate 

d  b 


Any  subsequent  analysis  cf  the  CDMA  satellite  system  will  use  Eqs 
(3.41),  (3. 35),  (3.37),  and  (3.36)  to  obtain  *he  downlink 
carrier-to-noise  ratio  given  various  transmit  powers  eic  ether  i eeded 
parameters. 


41 


“  TWTA  voltage  limit 
TW 

R  (0)  *  output  noise  power  from  BPL 
no 

P  .  *  output  signal  power  from  BPL  for  ith  link 
sol 

With  a  change  of  variable,  the  signal  power  can  be 

simplified  to  yield 
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(3.39 


Neither  the  ratio  (R  (0)/P  )  nor  (P  ./P  )  contains  the 

no  soi  soj  soi 

magnitude  of  the  band-pass  limiter,  .  Also,  the  adjustable 
amplifier  gain  is  no  longer  present  in  the  signal  power  equation. 
Thus,  the  level  of  the  band-pass  limiter  and  the  amplifier  gain,  g^, 
have  no  effect  on  the  TWTA  output  power. 

The  output  noise  power  of  the  TWTA  can  now  be  written  as 
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(3.40 


The  downlink  carrier-to-noise  ratio  for  the  ith  link  can  finally 


be  written  as 


«  ,  -R  (0)w2/2 
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(8V  2/ir2)  [  I  uTle  n 
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x  n  J  (o)A  /T")  dw  ]2 
j=l  0  j  uj 

j 


(3.36) 


The  noise  is  zero  mean  and  gaussian  with  variance  R  (0),  where 

no 


R  (0)  ■  P  -  (8V2/ir2  -  l  P  ) 
no  no  1  soi 


(3.37) 


With  the  analysis  for  the  band-pass  limiter  complete,  it  is 

relatively  simple  to  obtain  the  output  signal  and  noise  power  for  the 

TWTA  since  it  is  also  assumed  to  be  operating  at  saturation. 

The  input  to  the  TWTA  is  a  sum  of  sinusoids,  Eq  (3.35),  plus  zero 

mean,  gaussian,  narrow  band  noise  with  a  noise  power  of  g  R  (0)  where 

2  no 

g^  is  the  gain  of  the  adjustable  power  amplifier  as  shown  in  figure 


From  previous  results,  Eqs  (3.23)  and  (3.33),  the  output  signal 
power  for  the  ith  link  can  now  be  written  as 
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(3.38) 
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total  output  power  and  the  desired  signal  power  is  known.  From  Eq 

(3.23),  the  total  output  signal  power,  P  ,  from  the  band-pass  limiter 

so 

is  written  as 
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so 
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i“l 


soi 


(3.32) 


The  total  output  noise  power  consisting  of  thermal  noise  and 
intermodulation  noise  can  now  be  written  as 


p  =  p  -  p 
no  t  so 


(8V12/tt2 
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P 
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In  summary,  for  a  CDMA  input  of  the  form 


M 

r(t)  «  £  A  /l]  cos ( oi  t  +  irm  (t)/2) 

i=l  1  1  c  1 


(3.33) 


(3.34) 


-sith  zero  mean,  gaussian,  narrow  band  noise,  the  output  of  the 
band-pass  limiter,  consists  of  a  desired  signal  plus  noise.  The 
desired  output  signal  term  can  be  written  as 

M 

y(t)  »  £  /2P  ,  cos(w  t  +  irm,(t)/2) 


(3.35) 


As  the  order  of  intermodulation  increases  the  actual  amplitude  of 

the  intermodulation  decreases  due  to  the  product  of  additional  cosine 

terms,  each  of  which  decreases  the  magnitude  by  a  factor  of  two.  In 

general.  Shaft  has  shown  that  the  power  in  the  intermodulation  terms 

of  the  third,  fifth,  ...,  nth  order  decreases  by  a  factor  of 
u3  5  n 

M  ,M  where  M  is  the  total  number  of  carriers  (5:508). 

At  this  point,  a  simplifying  assumption  is  made  about  the 
intermodulation  produced  by  the  band-pass  limiter.  It  is  assumed  that 
the  intermodulation  can  be  treated  as  additional  gaussian  noise  with 
zero  mean.  This  assumption  follows  from  the  central  limit  theorem, 
(4:266),  and  the  fact  that  the  total  intermodulation  power  is  due  to 
an  infinite  summation  of  individual  intermodulation  terms  as  shown  in 
Eq  (3.19). 

Since  the  intermodulation  is  made  up  of  sums  of  products  of 
sinusoids  whose  phases  consist  of  pseudo-random  sequences,  it  is 
logical  to  assume  that  the  intermodulation  has  zero  mean.  However, 
for  the  central  limit  theorem  to  be  valid,  the  intermodulation  noise 
must  be  comprised  of  many  independent  components.  The  intermodulation 
is  comprised  of  many  components  but  they  are  most  likely  not 
independent.  Regardless  of  the  independence,  the  assumption  is  used 
to  simplify  the  mathematics  in  determining  the  output  of  the  TWTA. 

With  the  previous  assumptions,  the  output  of  the  band-pass 
limiter  can  be  assumed  to  be  the  desired  output  plus  gaussian  noise. 
The  variance  or  power  of  the  gaussian  noise  can  now  be  found  since  the 


when  one  equals  two,  another  n^  equals  one  and  the  remaining  n^'s 


are  zero.  The  product  of  three  carriers  produces  a  sum  of  four 
cosines  whose  arguements  are  the  sum  and  differences  of  each 
individual  arguement  as  shown  below. 

cos(w  t+8,)cos(w  t+6.)cos(&>  t+8,  )  *  (1/41  [cos(3(w  t+0  +0+8.  )) 
ci  c  j  ck  cijk 

+  cos(w  t+0  +0  -0,  )  +  cos (w  t+0  -0+0,  )  +  cos(«  t-0  +0  +8,  )]  (3.27) 

cijk  cijk  cijk 

The  last  three  cosines  are  passed  by  the  band-pass  filter.  The  total 
number  of  third  order  intermodulations  created  by  the  product  of  three 
sinusoids  of  the  combination  given  in  Eq  (3.27)  is  given  by 


N3  *=  3(M!  )/3 !  (M-3)  !  *  M(M-l)(M-2)/2 

mmI 


(3.28) 


The  second  intermodulation  of  the  third  order  is  produced  by  the 
combination  of  11^*2  and  m^l  and  is  given  by 

cos(2(w  t+0  ))cos(w  t+0  )  =  i[cos(3w  t+28  +0  ) 
c  i  c  j  c  i  j 

+  cos (w  t+28  -0 .)]  (3.29) 

c  i  j 


The  last  cosine  is  the  only  one  passed  by  the  band-pass  filter.  The 
total  number  of  intermodulations  due  to  the  above  combination  is  given 
as 


N3t  2  -  (M! )/ (M-2)l  -  M(M-l) 


(3.30) 


The  total  numbo”  of  third  order  intermodul ations , 


is  the  sum 


of  Eqs  (3.28)  and  (3.30)  which  yields 
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(3.23) 


Since  the  input  of  many  sinusoids  and  narrowband  noise  can  be 
written  as  one  sinusoid  with  a  very  complex  amplitude  and  phase,  the 
total  output  power  of  the  BPL  is  seen  from  Eq  (2.26)  to  be 


P  =  8V12/-rr2 


(3.24) 


This  total  power  is  comprised  of  the  desired  output  signal  power 
plus  two  undesireable  forms  of  power.  The  first  undesireable  power  is 
the  power  due  to  the  input  thermal  noise  and  the  second  is  the  power 
due  to  the  intermodulation  products  that  get  passed  by  the  band-pass 
limiter.  From  Eq  (3.19),  an  intermodulation  product  is  passed  by  the 
BPF  if 


"l  1  n2  4  4  "M  “  ±l 


(3.25) 


which  only  occurs  when 


I  n  «  ta 
i-1  1 


(3.26) 


where 


a  *  order  of  modulation  ■  1,3, 5, 7,... 


The  number  of  intermodulation  products  becomes  very  large  as  the 
order  of  intermodulation  increases.  Third  order  intermodulation 
occurs  when  three  of  the  n^'s  equal  one  with  the  others  being  zero  or 
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The  codes  produced  in  the  additional  terms  are  not  orthogonal  to  the 
designed  codes.  Therefore,  upon  decoding,  interference  is  produced 
due  to  the  hard  limiter. 


The  output  signal  power  can  now  be  written  for  the  ith  signal  by 
letting  t*0,  m^=l,  m  ^«0,  and  k=0  in  Eqs  (3.13)  and  (3.16),  and  is 
given  by 

P  ,  -  2h  *(0,... ,0,1,0,. ..,0)  (3.20 

sol  0 

where 
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Since  J^(w)  and  u  are  odd  functions  and  Jg(w)  an<* 

exp(-R  (0)w2/2)  are  even  functions,  the  entire  integrand  is  an  even 
n 

function  and  the  integrand  can  be  simplified  to 
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The  output  signal  power  for  the  ith  link  can  now  be  written  as 


»  -R  (0)w2/2  (m  +m  +...+m-l) 
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From  Eqs  (3.15)  and  (A. 3),  the  output  of  a  hard  limiter  with  an 
input  of  M  binary  phase  shift  keyed  signals  with  identical  frequencies 
can  be  written  as 


y(t)  =  (V  /jir )/  o)  exp(jw  E  a.cos(w  t  +  0  ) 
1  —  i=l  1  c  1 


(3.17) 


Using  the  Jacobi-Anger  identity,  Eq  (A. 8),  the  output  can  be 


rewritten  as 


y(t)  -  (v  / jir)/  u  n  Eel  (jwa  )cos(n(w  t  +  0  ))  dw  (3.18) 
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and  can  be  further  simplified  to 
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The  desired  output  signal  for  the  ith  carrier  occurs  when  n^-1 
and  n^^-0.  The  product  of  cosines  will  produce  additional  terms 
which  are  passed  by  the  bandpass  filter  following  the  hard  limiter. 
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where 
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a  =  input  carrier  amplitude  of  ith  link  *=  A,/L  . 
i  i  ui 

!1  ,  m  *  0 

2  ,  m  *  1,2,3,... 


For  the  two  hard  limiters  encountered  in  the  satellite 
transponder,  (BPL.TWTA),  the  fourier  transform  of  the  hard  limiter 
input/output  characteristic,  figure  2.3,  is  given  as 

G(to  )  -  2VJ/J0)  (3.15) 

where  is  the  amplitude  level  of  the  limiter.  Eq  (3.14)  can  now  be 
simplified  to 


32 


The  receiver  carrier-to-noise  ratio  can  also  be  written  as 


CNR 

ri 


(P_L  ,  L  /  P  .,)(P  ,/P  ) 

T  ul  di  ndi  sui  ru 


(3.11) 


where  P^  is  the  total  received  uplink  power.  Eq  (3.11)  clearly  shows 

the  effects  of  power  sharing  in  the  satellite.  As  more  links  try  to 

access  the  satellite,  the  ratio  (P  /P  )  decreases  causing  a 

sui  ru 

decrease  in  both  the  receiver  and  downlink  carrier-to-noise  ratios. 

The  same  effect  occurs  if  any  link  other  than  the  ith  link  increases 
its  transmitted  power. 


Analysis  of  Hard  Limited  CDMA  Signals 


As  was  shown  in  chapter  2,  the  total  CDMA  signal  entering  the 
satellite  with  BPSK  signalling  is  written  as 
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cos(w  t  +  irm  (t)/2) 
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(3.12) 


where 

A^  =  uplink  carrier  amplitude  of  ith  link 

-  uplink  gains  and  losses  of  ith  link  =  Sit^aui^pui^ls 

m  (t)  ®  product  of  data  sequences  and  pseudo-random 
code  for  ith  link 

For  a  hard  limiter  with  an  input  consisting  of  BPSK  multiple 
carrier  signals  of  identical  frequency  and  independent,  zero  mean, 
additive  white  gaussian  noise,  the  output  autocorrelation  is  shown  in 
appendix  A,  Eqs  (A. 31)  and  (A. 32),  to  be 
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Fig.  4.2.  TWTA  Output  Power  Ratio  vs.  BPL  Input  Power  Ratio  (2  Links) 


Four  Link  Verif icat ion 

Additional  algorithm  verification  was  accomplished  with  four  link 

accessing  the  satellite.  The  output  power  and  signal  suppression  is 

plotted  versus  the  input  power  ratio  of  (P  /P  ,).  The  input 

in2  in4 

consists  of  two  large  signals  of  equal  amplitude  and  two  small  signals 
of  equal  amplitude.  Each  graph  contains  two  plots  with  an  uplink 


carrier-to-noise  ratio  of  ±10.0  db. 
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Fig.  4.4.  BPL  Signal  Suppression  vs.  Input  Power  Ratio  (4  Links) 


From  the  graphs  of  figures  4.1  through  4.4  and  the  graphs  of 
Gaglaridi  and  Shaft,  it  is  assumed  that  the  algorithm  which  calculates 
the  output  of  a  band-pass  limiter  is  valid.  With  this  algorithm,  the 
downlink  carrier-to-noise  ratio  can  be  found  since  the  satellite  is 


modeled  as  the  cascade  of  two  band-pass  limiters. 


V.  Margin  Leveling  Algorithm 

The  main  goal  of  this  thesis  is  to  find  the  proper  uplink 
transmit  powers  which  yield  the  required  downlink  margins  given 
various  size  earth  terminal  antennas  and  a  fully  saturated  satellite 
transponder.  The  equations  derived  in  chapter  three  perform  the 
inverse  of  the  desired  operation.  Given  the  various  parameters 
including  the  uplink  transmit  power,  the  equations  can  be  used  to 
calculate  the  associated  downlink  carrier-t o-noise  ratios.  Since  the 
downlink  carrier-to-noise  ratio  equation,  Eq  (3.39),  is  analytically 
non-invertabl e  due  to  the  integrand  of  the  product  of  M  bessel 
functions,  a  method  of  numerical  inversion  is  required. 

Prior  to  the  discussion  of  the  margin  leveling  algorithm,  it  is 
first  essential  to  understand  the  three  scenarios  for  which  the 
algorithm  is  designed  for. 

Margin  Leveling  Scenarios 

The  first  and  simplest  scenario  is  when  margin  leveling  is  needed 
since  the  uplink  transmit  powers  required  to  achieve  the  desired 
margins  are  less  than  or  equal  to  the  maximum  uplink  transmit  powers. 
For  this  case,  the  desired  margin  and  the  obtained  margin  are 
equival ent . 

The  second  and  third  scenarios  are  those  requiring  margin 


leveling  with  the  difference  in  the  two  being  the  type  of  leveling 
desired.  The  second  scenario,  which  is  by  far  the  simpler  of  the  two 
requires  only  the  leveling  of  the  unachievable  margins.  The  third 


a 


scenario  requires  the  leveling  of  all  margins  by  an  equal  amount  until 
each  margin  is  achieved.  In  either  case,  the  difference  between  the 
desired  and  the  obtained  margin  must  be  kept  to  a  minimum. 

The  second  scenario  is  desired  if  it  is  not  essential  that  each 
link  remains  fully  operational.  If  the  leveled  margin  for  a 
praticular  link  becomes  too  low  to  achieve  reliable  communication  in  a 
jamming  environment,  this  link  can  be  taken  off  line  to  provide  more 
TWTA  power  to  the  other  users. 

The  third  scenario  is  desired  if  it  is  essential  that  each  link 
remains  in  operation.  Since  margin  leveling  is  performed  on  all  links 
whether  they  achieve  the  desired  margin  or  not,  the  leveled  margins 
for  those  links  initially  not  achieving  the  desired  margin  will  be 
greater  than  the  leveled  margins  of  the  second  scenario.  The  lower 
leveled  margins  for  the  third  scenario  are  due  to  the  power  sharing 
effects  occuring  in  the  TWTA.  When  a  link  which  initially  achieved 
the  desired  margin  is  leveled,  it  requires  less  TWTA  power  to  achieve 
the  new  margin,  thus  allowing  more  TWTA  power  for  those  links  not 
initially  achieving  their  desired  margins. 

Margin  Leveling  A1 gorithm 

The  margin  leveling  algorithm  to  be  discussed  is  shown  in  figure 
5.1.  After  reading  in  the  proper  link  parameters  set  by  the  user,  the 
algorithm  computes  the  margins  obtained  when  the  uplink  transmit 
powers  are  maximized.  With  the  initial  slope  set  at  1.0,  a  new  set  of 
uplink  powers  are  created  via  linear  interpolation  from  the  margins  at 
maximum  uplink  power.  If  any  uplink  power  exceeds  its  maximum,  then 
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Fig.  5.1a  Margin  Leveling  Algorithm  (Convergence  Routine) 
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Fig.  5.1b  Margin  Leveling  Algorithm  (Leveling  Routine) 

that  uplink  power  is  set  to  the  maximum  level  for  that  link.  This 
situation  occurs  when  a  particular  link  margin  is  unachievable. 

With  the  creation  of  new  uplink  powers,  a  new  set  of  margins  are 
determined.  At  this  point,  the  slope  is  updated  if  the  old  and  new 
powers  are  not  equivalent.  This  prevents  the  occurance  of  an  infinite 
slope  which  would  have  occurred  when  an  uplink  power  is  maximized  on 
consecutive  passes  through  the  convergence  routine.  When  this 
situation  arises,  the  prior  slope  is  maintained. 

Due  to  the  power  sharing  which  takes  place  in  the  satellite,  it 
is  possible  that  a  negative  slope  may  occur.  For  example,  a  situation 
may  occur  where  the  uplink  power  of  a  high  power  link  is  increased  by 
a  large  amount  and  that  of  a  smaller  power  link  is  increased  only 
slightly.  When  this  occurs,  the  larger  link  will  "rob"  some  power 
from  the  smaller  link.  Even  though  the  uplink  power  for  the  smaller 
link  was  increased,  the  new  margin  may  be  less  than  the  old,  causing  a 
negative  slope  for  that  smaller  link.  At  this  point  the  obtained 
margin  is  still  less  than  the  desired  margin  for  the  small  link  and 
more  power  is  needed  to  increase  the  obtained  margin.  However,  if  the 
negative  slope  is  utilized  in  determining  the  new  uplink  power,  the 
new  power  will  be  less  than  the  old  power  which  is  highly  undesirable. 
The  negative  slope  tends  to  cause  non-convergence  of  the  leveling 
routine  and  for  this  reason  when  a  negative  slope  occurs  it  is  ignored 
and  the  prior  slope  is  maintained. 

Once  the  new  slope  is  obtained  or  the  old  slope  is  retained,  the 
convergence  routine  continues  to  create  new  uplink  powers  and  downlink 
margins  until  the  obtained  margins  are  within  0.2  db  of  the  desired 


margins  or  the  uplink  powers  are  maximized.  One  of  these  criteria 
must  be  simultaneously  satisfied  for  each  link  before  program 
execution  continues  beyond  the  margin  convergence  routine. 

If  every  margin  converges  to  the  desired  margin,  then  the  uplink 
powers  which  provide  the  desired  margins  are  known  and  no  margin 
leveling  is  required.  However,  if  every  desired  margin  is  not 
achieved,  then  margin  leveling  is  performed  as  specified  by  the  option 
selected  by  the  user.  Since  option  zero  is  relatively  simple  its 
algorithm  is  discussed  first. 

With  option  zero  selected,  the  algorithm  performs  margin  leveling 
on  those  links  which  have  not  achieved  the  desired  margins.  With  the 
completion  of  the  margin  convergence  routine,  the  uplink  powers  for 
those  links  are  maximized.  This,  in  turn,  has  caused  the  associated 
margins  to  be  maximized  also.  Therefore,  the  margins  satisfy  the 
criteria  of  having  a  minimum  difference  between  the  desired  and  the 
leveled  margins.  Margin  leveling  is  therefore  achieved  by  letting  the 
leveled  margins  equal  the  obtained  margins.  The  associated  uplink 
powers  for  the  leveled  margins  are  those  used  to  create  their 
respective  margins. 

For  the  remaining  option,  option  one,  margin  leveling  is 
performed  on  each  link  by  an  equal  amount  until  the  difference  between 
the  desired  and  the  leveled  margin  is  minimal.  The  difference  becomes 
minimal  only  when  one  uplink  power  becomes  maximized. 

After  the  margin  convergence  routine  has  been  completed  for  the 
first  time,  the  largest  difference,  delta,  between  the  obtained  margin 
and  the  desired  margin  is  obtained.  Each  desired  margin  is  then 


decremented  by  half  of  this  largest  difference.  There  is  no  need  to 
decrement  by  the  largest  difference  since  this  set  of  margins  would 
definitely  be  achieved  but  would  not  provide  the  minimum  difference 
between  the  desired  and  leveled  margins. 

At  this  point,  program  execution  returns  to  the  margin 
convergence  routine  where  either  all  the  links  obtain  the  new  margins 
or  at  least  one  link  does  not.  If  every  new  margin  is  achieved,  the 
margins  are  then  incremented  by  half  of  the  previous  delta.  If  one  or 
more  links  do  not  achieve  the  new  margins,  the  margins  are  then 
decremented  by  half  of  the  prior  delta. 

The  above  procedure  continues  until  delta  is  small  enough  to  be 
neglected.  The  end  result  is  a  set  of  leveled  margins  which  differ  by 
the  desired  margins  by  an  equal  amount  for  each  link. 

The  execution  of  the  margin  leveling  algorithm  is  illustrated  via 
a  computer  printout  in  figure  5.2  for  the  simple  case  of  two  links. 

The  link  number,  the  uplink  power  (PWR),  the  obtained  margin  (OMARG), 
the  desired  margin  (DMARG),  and  the  slope  (A)  are  listed  to  show  the 
progression  of  the  algorithm.  The  uplink  power  and  the  margins  are 
shown  in  decibels.  The  skipped  lines  in  figure  5.2  correspond  to  the 
point  in  the  algorithm  where  margin  convergence  or  maximum  power  has 
simultaneously  occurred  for  each  link. 

The  maximum  power  is  shown  in  the  first  two  lines  to  be  34.0  and 
27.7  db  for  the  first  and  second  link  respectively.  At  the  end  of  the 
first  convergence  it  is  seen  that  the  first  link  has  achieved  the 
desired  margin  but  the  second  link  has  not.  However,  the  uplink  power 
of  the  second  link  is  maximized.  If  option  zero  were  chosen  instead 
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Fig.  5.2  Illustration  of  Margin  Leveling  Progression 


of  option  one  (see  fig.  5.1),  the  margins  would  be  leveled  at  this 
point  with  the  leveled  margins  being  the  obtained  margins  at 
convergence. 

Since  option  one  is  chosen,  the  desired  margins  are  decremented 
by  half  of  the  largest  difference  between  the  desired  and  the  obtained 
margins.  This  difference  occurs  at  the  second  link  and  is  1.97  db. 

At  the  end  of  the  second  convergence  the  second  link  is  still  at 
maximum  uplink  power  so  the  desired  margins  are  again  decremented  but 
only  by  half  of  the  prior  decrement.  On  the  next  convergence,  the  new 
margins  are  achieved  for  both  links  so  the  desired  margins  are 
increased  by  half  of  the  prior  decrement.  This  procedure  continues 
until  the  decrement  or  increment  is  less  than  0.1  db. 

At  the  end  of  the  last  convergence  it  is  noted  that  the  uplink 
power  for  the  second  link  is  within  0.5  db  of  the  maximum  power.  This 
difference  can  be  made  smaller  by  decreasing  the  minimum  delta 
required  for  margin  leveling.  Theoretically,  there  should  be  at  least 
one  uplink  power  at  its  maximum  for  margin  leveling  to  occur. 

In  tables  5.1  and  5.2,  the  results  of  margin  leveling  for  the 
simple  two  link  system  is  shown  with  option  zero  and  option  one 
chosen,  respectively.  The  maximum  EIKP  for  the  first  and  second  link 
is  94.0  and  69.0  db,  respectively.  It  is  seen  that  the  leveled 
margins  for  the  two  options  are  quite  different.  For  the  case  with 
all  margins  leveled,  table  5.2,  the  value  of  the  leveled  margins,  24.5 
db,  lie  between  the  leveled  margins  for  the  case  where  only  the 
unachievable  margins  are  leveled,  as  is  expected. 


Margin  Leveling  Results  for  a  Two  Link  System 
Option  0  Selected 


Link 

Uplink 

Leveled 

Desired 

Number 

EIRP  (dbw) 

Margin  (db) 

Margin  (db) 

1 

M 

26.6 

26.6 

2 

1 

22.7 

26.6 

Table  5.2 

Margin  Leveling  Results  for  a  Two  Link  System 
Option  1  Selected 


Link 

Uplink 

Leveled 

Desired 

Number 

EIRP  (dbw) 

Margin  (db) 

Margin  (db) 

1 

70.6 

24.5 

26.6 

2 

68.5 

24.4 

— 

26.6 

As  seen  in  this  chapter,  the  margin  leveling  algorithm  performed 
quite  well  for  a  simple  'wo  link  system.  In  the  next  chapter,  the 
algorithm's  performance  is  discussed  when  applied  to  larger  systems. 


VI.  Performance  and  Results  of  Margin  Leveling  Algorithm 


In  chapter  five,  the  margin  leveling  algorithm  itself  was 
introduced  and  discussed.  In  this  chapter,  the  performance  of  the 
algorithm  is  discussed  and  some  leveled  margins  are  shown  for  systems 
involving  up  to  twenty  links.  More  specifically,  the  CPU  time 
required  for  the  algorithm  to  complete  margin  leveling  is  discussed 
with  the  number  of  links  and  the  difference  between  the  desired  and 
the  leveled  margins  as  parameters. 

Margin  Leveling  Resul ts 


In  chapter  five,  the  margin  leveling  results  were  shown  for  a 
simple  two  link  system.  In  table  6.1  and  6.2,  the  leveled  margins  are 
shown  for  a  sixteen  link  system  with  no  two  links  being  identical. 
Table  6.1  shows  the  leveled  margins  for  the  case  where  only  the 
margins  of  the  unachievable  links  are  leveled  and  table  6.2  shows  the 
results  where  all  margins  are  leveled  until  the  difference  between  the 
desired  and  the  leveled  margins  are  minimized.  The  specific  link 
configurations  used  are  shown  in  table  6.3. 

The  uplink  and  downlink  frequencies  used  are  7.99  GHz  and  7.3 
GHz,  respectively.  The  bandwidth  of  the  CDMA  signals  is  50  MHz  and 
the  transmit  power  of  the  satellite  is  40  watts.  The  satellite 
receiving  and  transmitting  antennas  each  have  a  gain  of  16.8  db  with  a 
front  end  noise  temperature  of  1514  °K. 
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Predicted  CPU  Time  to  Perform  Margin  Leveling 
(CYBER  computer) 


Number  of 
Links 

CPU  Time  (sec) 
Option  0  Option  1 

5 

99.7 

10 

412.2 

20 

1,704.1 

40 

1,494.7 

7,044.9 

60 

3,749.1 

16,159.9 

80 

7,199.3 

29,124.9 

100 

11,942.1 

45,993.5 

As  seen  from  the  previous  figures  and  tables,  the  amount  of 
computation  time  required  to  perform  margin  leveling  increases  quite 
rapidly  as  the  number  of  links  accessing  a  satellite  increases.  In 
order  to  utilize  the  margin  leveling  algorithm  for  a  large  number  of 
links,  some  modification  of  the  algorithm  will  be  needed  to  increase 
its  efficiency.  In  the  following  chapter  some  recommendations  are 
given  as  to  how  this  may  be  accomplished. 
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number  of  link©  (opt. ion  0) 

Fig.  6.7  CPU  Time  Versus  Number  of  Links  (Logrithmic) 


CPU  time  =  3 .694(number  of  links)^’®^^  (6.3) 

Equations  (6.2)  and  (6.3)  are  dependent  on  the  computer  system 
utilized,  but  the  general  equation  of  Eq  (6.1)  should  still  hold 
regardless  of  the  system  as  long  as  the  algorithm  is  unchanged. 

The  predicted  CPU  time  to  perform  margin  leveling  on  any  number 
of  links  can  now  be  found  for  either  option.  Table  6.6  shows  the 
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number  oF  link®  (opt. ion  1) 

Fig.  6.6  CPU  Time  Versus  Number  of  Links 

For  the  case  where  margin  leveling  is  performed  only  on  the  links 
with  unachievable  margins,  the  power  relationship  is  found  to  be 

CPU  time  s  0.3476(number  of  links)2,268  (6.2) 

For  the  case  of  total  margin  leveling,  the  power  relationship  is  found 


number  of  links  (opt- ion  1) 

FJg.  6.4.  CPU  Time  Versus  Number  of  Links 

10  db  case  is  less  than  that  of  the  1  db  case.  Thus  the  time  to 
achieve  margin  leveling  for  the  10  db  case  may  be  less  than  that  of 
the  1  db  case. 

Although  the  graphs  do  not  show  any  correlation  between  the 
amount  of  margin  leveling  achieved  and  the  CPU  time  required  for 
margin  leveling,  they  do  show  a  general  trend  of  an  increase  in  CPU 
time  required  as  the  number  of  links  increase.  The  trend  can  be  shown 
to  be  a  power  relationship  of  the  form 
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number  of  link*  (option  1) 

Fig.  6.3.  CPU  Time  Versus  Number  of  Links 


20 


had  to  pass  through  the  convergence  routine  turned  out  to  be  7  and 
that  of  the  10  db  of  leveled  margin  case  turned  out  to  be  9.  Thus, 
the  20  db  of  leveled  margin  case  passed  through  the  convergence 
routine  2  more  times  than  the  1  db  case.  Even  though  the  10  db  case 
requires  two  more  passes  through  the  convergence  routine,  the  amount 
of  time  spent  in  a  specific  convergence  routine  varies.  It  may  be  the 
case  that  the  average  time  spent  in  a  convergence  routine  for  the 
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Specific  Link  Configurations  with  Respect  to 
the  Number  of  Links 


Number 
of  Links 

Number 

1 

of  Specific  Configuration  Used 

2  3  4  5 

2 

1 

0 

0 

0 

1 

3 

1 

0 

1 

0 

1 

4 

1 

0 

1 

1 

1 

5 

1 

1 

1 

1 

1 

6 

1 

1 

1 

1 

2 

7 

1 

1 

1 

2 

2 

8 

1 

1 

2 

2 

2 

9 

1 

2 

2 

2 

2 

10 

2 

2 

2 

2 

2 

11 

2 

2 

2 

2 

3 

12 

2 

2 

2 

3 

3 

13 

2 

2 

3 

3 

3 

14 

2 

3 

3 

3 

3 

15 

3 

3 

3 

3 

3 

16 

3 

3 

3 

3 

4 

17 

3 

3 

3 

4 

4 

18 

3 

3 

4 

4 

4 

19 

3 

4 

4 

4 

4 

20 

4 

4 

4 

4 

4 

Figure  6.1  shows  how  the  CPU  time  is  affected  by  an  increase  in 
the  number  of  links  for  the  case  where  only  the  links  with 
unachievable  margins  are  leveled.  Figures  (6.2)  through  (6.6)  show 
graphs  of  CPU  time  versus  the  number  of  links  for  different  values  of 
margin  leveling  with  all  margins  leveled.  Figure  6.2  shows  the  graph 
of  CPU  time  versus  number  of  links  with  1.0  db  of  margin  leveling  and 
figure  (6.6)  shows  a  similar  graph  for  a  margin  leveling  of  10.0  db. 

As  shown  by  the  graphs,  the  amount  of  margin  leveling  does  not 
seem  to  affect  the  length  of  time  needed  to  obtain  the  margins.  This 
result  was  unexpected  since  the  largest  difference  between  the  desired 
margin  and  the  obtained  margin,  after  the  first  convergence,  becomes 


more  than  10  links  was  on  the  order  of  hundreds  of  CPU  minutes  on  a 
VAX  11/780  computer.  In  a  time  sharing  environment  the  hundred 
minutes  of  CPU  time  required  about  24  hours  of  real  time  depending  on 
the  system  load.  Since  this  delay  could  not  be  accepted,  a  faster 
machine  was  utilized.  With  the  use  of  a  CYBER  computer  system  the 
required  CPU  time  was  decreased  by  a  factor  of  five  or  so.  With  the 
CYBER,  results  could  be  expected  within  hours  instead  of  days. 

However,  even  with  the  use  of  a  CYBER,  the  alloted  CPU  time  per  job  of 
approximately  2000  CPU  seconds  was  still  exceeded  when  trying  to  level 
the  margins  of  more  than  twenty  links. 

To  study  the  effects  of  the  amount  of  CPU  time  required  to  level 
the  margins  of  many  links,  five  link  configurations  were  used  as  shown 
in  table  6.4.  The  specific  combinations  of  the  five  links  is  shown  in 
table  6.5  for  each  of  the  19  sets  of  links  ranging  in  number  from  2  to 
20. 


Table  6.4 


Link  Configurations  Used  to  Evaluate  Required 
CPU  Time  vs.  Number  of  Links 


Link 

Configuration 

Maximum 

uplink 

EIRP  (dbw) 

Receiver 
Antenna 
Gain  <db) 

Receiver 
Noise 
Temp  (#K) 

Data 

Rate 

(b/s) 

D  O 

(db) 

1 

94.0 

60.0 

125.0 

32000 

9.0 

2 

89.0 

60.0 

158.0 

16000 

9.0 

3 

79.0 

50.6 

288.0 

9600 

9.0 

4 

73.0 

42.6 

288.4 

3000 

9.0 

5 

69.0 

41.3 

339.0 

2400 

. 

9.0 

leveled  margin  and  the  desired  margin  is  approximately  0.5  db  for  each 
link.  Therefore,  if  0.5  db  of  margin  can  be  sacrificed  for  each  link, 
then  all  16  links  can  remain  in  operation  whereas  with  the 
configuration  given  in  table  6.1,  some  links  may  have  to  be  taken  off 
the  system.  It  is  also  interesting  to  note  that  the  average  leveled 
margin  in  table  6.2  is  approximately  1.0  db  higher  than  the  average 
leveled  margin  of  table  6.1.  The  significance  of  this  fact  is  not 
evident  until  the  average  uplink  power  is  calculated.  It  is  seen  that 
the  average  uplink  power  in  table  6.2  is  lower  than  that  of  table  6.1 
by  approxima1 ely  5.0  db  per  link.  Therefore,  for  this  specific  16 
link  set,  a  decrease  in  the  average  uplink  power  causes  an  increase  in 
the  average  leveled  margin. 

The  above  phenomena  may  be  due  to  the  amount  of  intermodulation 
produced  in  the  band-pass  limiter  and  TWTA.  It  seems  that  when  there 
is  a  large  difference  between  the  amplitude  of  the  incoming  signals, 
more  intermodulation  distortion  is  produced  than  if  the  signals  were 
of  an  equal  level.  For  the  leveling  of  only  the  unachievable  margins 
this  difference  is  about  11.5  db  (links  6,16).  As  additional 
modulation  distortion  is  produced,  the  power  available  for  undistorted 
signal  output  decreases.  Therefore,  additional  uplink  power  is 
required  to  achieve  a  specific  set  of  margins  when  the  modulation 
distortion  has  increased. 

CPU  Time  Constraints 

During  the  initial  stages  of  coding  and  execution  of  the  margin 
leveling  algorithm  it  was  found  that  the  required  CPU  time  to  level 


From  tables  6.1  through  6.3,  it  is  seen  that  link  number  thirteen 


is  the  link  which  limits  the  system.  In  table  6.1,  it  is  seen  that 
this  link  has  the  largest  difference  between  the  leveled  and  desired 
margins.  In  table  6.2,  this  link  is  the  link  which  is  driven  closest 
to  its  maximum  uplink  power.  Both  of  these  results  are  expected  as 
seen  in  table  6.3  where  the  data  rate  and  desited  margin  are  both  high 
for  that  type  of  link  (fairly  low  EIRP). 


Table  6.3 

Link  Configuration  for  16  Link  Nonhomogeneous  System 


Link 

Number 

Maximum 
upl ink 
EIRP  (dbw) 

Receiver 
Antenna 
Gain  (db) 

Receiver 
Noise 
Temp  (®K) 

— 

Data 

Rate 

(b/s) 

E./N 
b  o 

(db) 

Desired 

Margin 

(db) 

1 

94.0 

60.0 

125.0 

32000 

9.0 

16.0 

2 

94.0 

50.6 

288.0 

15200 

9.0 

16.0 

3 

94.0 

41.3 

339.0 

12000 

9.0 

14.0 

4 

89.0 

60.0 

158.0 

16000 

9.0 

17.0 

5 

89.0 

50.6 

288.0 

16000 

9.0 

16.0 

6 

89.0 

42.6 

288.4 

19200 

9.0 

15.0 

7 

79.0 

60.0 

125.0 

19200 

9.0 

16.0 

8 

79.0 

50.6 

288.0 

9600 

9.0 

17.0 

9 

79.0 

41.3 

339.0 

9600 

9.0 

15.0 

10 

73.0 

60.0 

125.0 

9600 

9.0 

15.0 

11 

73.0 

50.6 

288.0 

9600 

9.0 

15.0 

12 

73.0 

41.3 

339.0 

4800 

9.0 

13.0 

13 

69.0 

60.0 

125.0 

12000 

9.0 

16.0 

14 

69.0 

60.0 

158.0 

9600 

9.0 

16.0 

15 

69.0 

42.6 

288.4 

3600 

9.0 

15.0 

16 

69.0 

41.3 

339.0 

2400 

9.0 

15.0 

From  tables  6.1  and  6.2,  it  is  clear  that  the  algorithm  performs 
quite  well  for  a  nonhomogeneous  link  scenario.  In  table  6.1,  the 
first  nine  links  have  achieved  their  desired  margins  while  the 
remaining  links  have  not.  Thus,  the  last  seven  links  are  operating  at 
maximum  uplink  power.  In  table  6.2,  the  difference  between  the 


VII.  Recommendations  and  Conclusions 


As  seen  in  chapter  6,  the  major  limitation  of  the  margin  leveling 
algorithm  is  the  CPU  time  required  to  perform  margin  leveling  for  a 
large  number  of  links.  In  this  chapter  some  recommendations  are  given 
that  may  increase  the  speed  of  the  algorithm. 

Integration  Speed 

The  underlying  cause  of  the  large  CPU  times  required  by  the 
leveling  algorithm  is  the  complexity  of  the  integrals  in  Eqs  (3.39) 
and  (3.41).  The  integration  is  performed  twice  in  the  margin  leveling 
algorithm  for  each  link,  once  for  the  band-pass  limiter  and  again  for 
the  saturated  TWTA.  It  may  be  possible  to  perform  the  integration 
once  and  then  square  the  result  to  get  the  TWTA  output.  The  limiting 
value  of  the  hard  limiter  for  the  single  integration  would  have  to  be 
the  square  root  of  the  TWTA  limiting  value  to  get  the  desired 
magnitude  of  TWTA  output.  The  squaring  of  a  single  integration  for  a 
one  link  system  yields  approximately  the  same  results  as  performing 
two  integrations,  as  seen  in  figure  (2.7).  It  is  not  known  if  this 
result  is  true  for  a  system  with  more  than  one  link,  but  if  so,  the 
required  CPU  time  for  margin  leveling  would  be  decreased  by  a  factor 
of  two. 

Another  method  of  reducing  the  CPU  time  would  be  to  simplify  the 
integral  mentioned  above  particularly  when  a  large  number  of  links  are 
involved.  As  the  number  of  links  increase,  the  integrand,  consisting 
of  a  product  of  bessel  functions,  tends  to  decrease  by  the  reciprocal 
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of  the  square  root  of  the  arguement  for  each'  link  added  (6:490).  It 
may  be  possible  to  use  a  polynomial  expansion  of  the  bessel  functions 
neglecting  the  higher  order  terms.  With  this  method  there  may  even  be 
an  analytical  solution  to  the  integral,  but  it  seems  unlikely.  The 
accuracy  of  the  polynomial  expansion  would  have  to  be  evaluated  by 
comparison  of  the  results  obtained. 

The  integration  time  may  be  decreased  even  further  if  a  more 
efficient  integration  routine  is  used.  In  the  present  algorithm,  the 


integration  is  performed  by  an  International  Mathematical  and 
Statistical  Library  (IMSL)  routine,  DCADRE,  which  utilizes  a  cautious 
adaptive  Remberg  extrapolation  integration  technique  (7 :DCADRE-1) . 
There  may  be  more  efficient  methods  for  integrating  the  desired 
function.  The  reason  for  the  use  of  DCADRE  was  mainly  that  of 
conveniance,  i.e.  it  was  readily  available. 

Additional  Recommendations  for  Decreasing  CPU  Time 

Up  to  this  point,  the  recommendations  for  decreasing  the  required 
CPU  time  for  margin  leveling  involves  the  integration  which  takes 
place  in  the  algorithm.  It  may  also  be  possible  to  decrease  the  CPU 
time  by  making  changes  to  the  leveling  algorithm  itself. 

In  the  present  algorithm,  after  some  links  have  reached  maximum 
uplink  power  and  the  others  have  obtained  the  desired  margins,  margin 
leveling  is  performed  by  decrementing  the  desired  margins  by  half  of 
the  largest  difference  between  the  desired  and  the  obtained  margins. 

It  may  be  advantageous  to  decrement  the  margins  by  the  difference 
between  the  averages  of  the  obtained  and  desired  margins.  It  seems 


that  this  method  would  cause  quicker  leveling  and  it  should  be 
investigated. 


The  final  and  possibly  the  simplest  method  to  decrease  CPU  time 
is  to  use  a  faster  computer.  Thi6  method,  however,  is  more  expensive 
than  the  others. 

Of  the  above  recommendations,  it  is  felt  that  the  impl imentation 
of  two  of  the  suggestions  would  have  a  significant  effect  on  the  CPU 
time  whereas  the  others  would  have  only  minimal  effect.  The  two 
recommendations  are  listed  again  in  order  of  expected  benefit  in 
decreased  CPU  time. 

1.  Utilize  the  difference  between  the  average  of  the  obtained 
and  desired  margin  to  perform  margin  leveling. 

2.  Attempt  to  square  the  integral  of  Eq  (3.39)  instead  of 
performing  both  integrals  of  Eqs  (3.23)  and  (3.39). 

Further  Study 

The  recommendations  made  so  far  deal  only  with  small 
modifications  to  the  existing  algorithm.  In  order  to  better  model  a 
CDMA  satellite  system,  it  is  necessary  to  include  more  than  one  link 
per  terminal  or  antenna.  In  actuality  there  is  more  than  one  link  on 
each  earth  terminal.  Therefore,  instead  of  dealing  with  one  uplink 
power  which  cannot  exceed  a  maximum,  it  is  necessary  to  deal  with  a 
sum  of  uplink  powers  where  the  entire  sum  cannot  exceed  a  maximum. 

The  above  scenario  adds  another  dimension  to  the  problem. 

Instead  of  just  power  sharing  in  the  satellite,  there  is  also  poT  or 


-  ".■J"  > 


sharing  at  the  earth  terminal.  When  the  terminal  power  is  at  its 
maximum,  the  individual  uplink  powers  can  still  be  changed,  but  an 
increase  in  one  uplink  power  must  be  brought  about  by  a  decrease  in 
some  other  uplink  powers  for  that  terminal. 

The  algorithm  for  the  above  scenario  would  be  quite  similar  to 
the  present  algorithm  with  the  only  difference  being  in  the  use  of  a 
maximum  terminal  power  instead  of  a  maximum  uplink  power.  Instead  of 
testing  an  individual  link  for  its  maximum  power,  a  sum  of  specific 
uplink  powers  should  be  tested  against  a  maximum  uplink  terminal 
power . 

Conclusions 

The  goal  of  this  thesis  was  to  develop  an  algorithm  which 
performed  margin  leveling  on  an  arbitrary  number  of  links  accessing  a 
satellite  with  a  hard  limiting  transponder  where  code  division 
multiple  access  communications  was  used  as  the  signalling  scheme.  The 
desired  algorithm  was  required  to  perform  two  types  of  margin 
leveling;  the  first  being  the  leveling  of  only  the  margins  not 
achieving  their  respective  desired  margins,  and  the  second  being  the 
leveling  of  all  margins.  In  either  case,  the  difference  between  the 
desired  and  the  leveled  margin  was  to  be  minimized. 

The  designed  margin  leveling  algorithm  performed  quite  well  in 
that  the  margins  were  properly  leveled  with  respect  to  the  option 
selected  by  the  user.  However,  the  computer  execution  time  required 
to  obtain  the  leveled  margins  was  quite  high  and  increased 
proportionally  to  the  square  of  the  number  of  links. 


Throughout  chapter  two  and  three  of  this  thesis  the  output  auto 
correlation  for  a  hard  limiter  were  utilized  in  Eqs  (2.27)  and  (3.13) 
These  equations  are  derived  in  this  appendix  using  correlation 
analysis  for  nonlinear  devices. 

Single  Carrier  Correlation  Analysis 

For  nonlinear  devices,  the  output,  y(t),  can  be  written  as 

y(t)  =  g(x(t))  (A.l 

where  x(t)  is  the  input  into  the  nonlinear  device.  The  fourier 
transform  of  y(t)  is  then  written  as 

oo 

F(y(t))  -  F(g(x(t) ) )  -  G(oj)  -  /  g(x(t))e~jwx(t)  dx  (A.; 

— OO 

The  output  of  the  nonlinear  device  can  now  be  written  as  an  inverse 
fourier  transform 

00 

y(t)  -  F-1(G(a>))  -  (1/2*)/  G(w)ej"X(t)  d a  (A 


The  output  auto  correlation,  R  (t),  can  now  be  written  as 


R  (t)  -  E(y(t)y(t  +  t)) 

y 


■  (l/2ir)2/  /  G(u  )G(u  )ty  (w  ,w  ,t)  dtj  d<y  (A. A) 

1  2x12  12 


where 

kx(t)  j«  x(t  +  t) 

**(VVT>  “  EIe  1  e  1  ] 

If  x(t)  is  a  sum  of  a  modulated  carrier,  a(t)cos(w  t+0(t)),  plus 

c 

zero  mean,  independent,  bandpass,  additive  white  gaussian  noise,  n(t), 

then  it  (oj,  ,t)  can  be  written  as 
x  1  2 

♦  («\,w.,t)  -  ||)  (w  ,i)  ,t)^)  (w  ,w  ,t)  (A. 5) 

x  1  2  s  1  2  n  1  2 


where 


1>  (a 
s  1  2 


Q  (w,  ,<U„, t) 
n  l  L 


jrn  a(t)cos(m  t+0(t)) 
E[e  1  c 


ju.n(t)  ju  n(t+i) 
E[e  1  e  2  ] 


jajoa(t+T)COS[w  (t+T>+0(t+x)] 

2  c  , 

e  ] 

(A. 6) 
(A. 7) 


Using  the  Jacobi-Anger  identity  (2:1078)  given  below 


where 


ezcosiJ>  =  j.  e  j  (z)cos  n$ 
n=0  n  n 

.  J1 

n  i  2  ,  n  -  1,2,3,... 


(A. 8) 


and  I  (z)  is  the  modified  bessel  function,  i|i  (w,  ,w  ,t)  can  then  be 
n  s  1  2 


written  as  the  double  summation 


Vwx) 


1  1  eiekElli(j"ia(t))Iv(J",a(t+T))]R  (x.i.k)  (A. 9) 

i*0  k“0  x  1  1  *.  t  c 


where 

Rc(T,i,k)  «  E[cos(i(<oct+e(t)))cos(k((Jc(t+T)+e(t+x)))  (A. 10) 

Expanding  R  (x.i.k)  yields 
c 

Rc(x,i,k)  =  iE[cos((i-k)<d^t  -  lu^x  +  i6(t)  -  k0(t+x)) 

+  cos((i+k)wct  +  k^x  +  i0(t)  +  k0(t+x)) ]  (A.ll) 


For  phase  modulation  where  0(t)  is  uniformly  distributed  over  0 
to  2ir  or  for  phase  shift  keyed  signalling  with  equiprobable  phases, 
Rc(x,i,k)  can  be  simplified  to 


R  (x.i.k) 
c 


1  ,  i*k=0 

'  icos(i(w^x-0(t)+0(t+x)))  ,  i»*k*0 

■  0  ,  i*k 


(A. 12) 


and  can  be  written  as 


*  (t.i.k) 
c 


(1/e  )cos(i(<„  x-0(t)+0(t+T)))  ,  i=k 

i  c 

0  ,  i*k 


(A. 13) 


From  Eqs  (A.13)  and  (A. 9),  ^((^.a^.x)  can  be  simplified  for 
phase  shift  keyed  signalling  where  a(t)«A,  to  form 


V“r"2’T)  "  i^oeilI1(J"1A)Ii(j<o2A)]cos(i(wcx-0(t)+0(t+x)))  (A.14) 


The  noise  term  of  Eq  (A. 7)  can  now  be  analyzed.  The  joint 
characteristic  function  for  zero  mean  gaussian  noise  is  known  to  be 


(4:225,476) 

joi  n(t)  Jw  n(t+r) 

E[e  1  e  1  ]  m  rf,  («,  ,<u  ,t) 

Tn  1  2 

m 

Using  the  infinite  series 
be  written  as 

-<«*«*  *>Rn«»/2  "  t  ±  i  i 

$  («  ,«  , t)  -  e  £  (-1)  r  (T)w  to  /a  (A.  II 

n  1  *■  1=0  n  12 

Combining  Eqs  (A.  16)  and  (A.  14)  to  form  ty  and 

substituting  into  Eq  (A. 4)  gives  the  output 

autocorrelation  of  a  nonlinear  device  with  an  input  consisting  of  a 
phase  modulated  sinusoid  plus  narrow  band  gaussian  noise. 

ao  «o  oo  as  -w  2R  (0)/2 

R  (x)  -  ( 1  / 2ir ) */  /  G(w  )G(a>  )  Z  Z  c  I  < J«  A)I  ( jo  A)e  1  n 

y  -oo  1  1  i=o  k-o  11  1  1  2 

""2Rn(T)/2  k  k  k  k 

*  e  ((-1)  R  (t)w,  /k ! )cos(i(w  T-e(t)+0(t+r)))d«  d« 

n  i  2  c  i  2 

(A.  1 


-(a  2  +  u  2)R  (0)/2  hi  a  R  (t) 
_  I  2  n  1  2  n 

e  e 


(A.  1! 


expansion  for  e  n  1  .  (oi  ,oj  ,t)  can 

n  1  2 


If  h  .  is  defined  as 


(A. 18) 


-R  (0)oj2/2 


hik  ■  (l/2ir )/  G(w)a  I^( jwA)e  n  do) 


then  R  (t)  can  be  written  as 

y 


R  (t)  -  E  E  (-l)k(e./k!)h  ,2R  k(T)cos(i(*>  T-0(t)+0(t+O))  (A.19) 

y  x  Ik  n  c 


The  carrier  power  can  now  be  found  by  letting  t=0,  1=1,  and  k=0 
since  the  summation  over  i  is  due  to  the  signal  and  the  summation  over 


k  is  due  to  the  noise.  Therefore,  the  output  signal  power,  P  ,  at 

so 


the  frequency  of  the  input  can  be  written  as 


»  -R  (0)w2/2 

Pso  "  2hl02  ”  G(»)I1(J«A)e  n  dw]2  (A. 20) 


From  the  fact  that  I  (ja>A)  ■  j  J  (wA),  P  can  be  simplified  to 

n  n  so 


-  -R  (0)o»2/2 

Pso  =  2 [ ( 1  / 2ir )  /  jG(o))J1(o)A)e  n  du>]2 


(A. 21) 


Multiple  Carrier  Correlation  Analysis 

In  chapter  3,  the  output  autocorrelation  for  a  multiple  carrier 
input  into  a  non-linear  device  is  shown  in  Eq  (3.13).  This  section  of 
the  appendix  deals  with  the  derivation  of  this  equation. 

The  total  input  of  M  phase  modulated  signals  into  the  nonlinear 


device  is  written  as 


(A. 22 


x(t)  -  Z  a  co8(u  t  +  6,(t)) 
i«l  1  c  1 


The  second  order  characteristic  function  of  the  signal,  Eq  (A. 6),  can 
be  written  as 


M 

♦  *  E[exp(jw  Z  a  cos(o)  t  +  0(t))) 

s  1  2  ^i=l  i  c  i 


M 

x  exp(jo)  Z  a  cos(w  (t  +  t)  +  0(t  +  t)))]  (A. 23 

2i=i  i  c  i 


and  with  the  use  of  the  Jacobi-Anger  identity,  Eq  (A. 8),  1 (/  (a  ,<a  ,t) 

s  1  2 

can  be  written  as 


M  •  ® 

*  *  n  Z  Z  e  e  I  (jw  a  )I  (jw_a  )R  (i,m,n,x) 

812  i-i  m=0  n=0  m  n  «  1  i  n  2  i  c 


(A. 24) 


where 


R  (i,m,n,x)  -  E(cos(m(w  t+0  (t)))cos(n(«  (t+x)+0  (t+x)))]  (A. 25 

c  c  i  c  i 

If  the  phase  distribution  is  uniform,  then  R  (i,m,n,x)  can  be 

c 

simplified  to  a  form  similar  to  Eq  (A. 13).  The  simplification  yields 

f  (1/e  )co8(oj  x  -  0  (t)  +  0  (t  +  x))  n=m 
R  (i,m,n,x)  -  <  n  c  i  i 

/  0  n*m 


With  this  simplification,  the  characteristic  function  is  rewritten  as 


♦  («.  n  I  e  I  (jai  a  )I  (jw  a  )cos(w  t-0  (t)+0  (t+t))  (A. 26) 

812  n-Q  m  m  1  i  m  2  i  ci  1 


This  characteristic  function  is  a  product  of  M  infinite  series  and  can 


be  expanded  as  shown  here. 


(a  ,«j  ,x)  “Eel  (ju.a  )I  (ja  a  )cos(a  t-0  (t)+8  (t+t)) 
»  1  2  mi  m1  1  1  ,1  21  cl  1 


Eel  (Jw  a  )I  (jw  a  )cos(w  t-0  (t)+0  (t+t)) 
m2-0  b2  m2  1  2  m2  2  2  C  2  2 


E  e  I  (jw  a  )I  (jw  a  )cos(oi  t-0  (t)+8  (t+t))  (A. 27) 

“OmMniM1MniM2M  cM  M 


The  summations  can  be  grouped  together  so  that  ij;  (w  ,w0,x)  can  be 

si/ 

written  as 


♦  (w,  ,< a  ,x)  -  E  E  ...  E  [e  e  ...e  II  II  (jw  a  )I  (joi  a  )]] 

8  1  2  m  -0  m  *0  m  -0  ml  m2  °M  i«l  "i  1  1  mi  21 

12  M 


x  H  cjs(w  t-0  (t)+0  (t+t))  (A. 28) 

c  i  i 


From  Eq  (A. 16),  second  characteristic  function  of  the  noise  is  written 


again  as 


.1  k  I. 


-(u  2+a  2)R  (0)/2  “  k.  k  k  k 

*  (*».  .w»t)  -  e  1  2  n  I  (-1)  R  (T)o).  <o  /k!  (A.29) 

n  1  2  k=0  n  12 

By  combining  Eqs  (A. 4),  (A. 28),  and  (A.29),  the  output  autocorrelation 
of  the  nonlinear  device  can  now  be  written  as 


yk  k . 


GO  00 


R  (t)«(1/2tt)2/  /  G(Wl)G(<0  I  (-1)  R  (T)/k!  I  I...  Ie  e  ...e 

y  - -  1  2  k=0  n  m  -0  m  -0  m  -0  ml  m2  “m 

1  2  M 


,  -R  <0)u2/2  .  -R  ( 0 ) oj  2 / 2  M 

x  u  e  n  1  «,  e  n  2  n  [I  (jw  a  )I  (j«  a  )] 

1  2  i=1  l  i  m  2  i 


M 


x  n  cos(oj  T-e  (t)+e  (t+x)) 

1=1  C  i  i 


(A. 30) 


The  autocorrelation  can  be  simplified  to  form 


vk.  k 


00  00  00 


R  (t)-=  l  (-1)  (r  (T)/k!)  £  I...  I  [e  e  ...e  h  2(m  ,m  , . . .  ,tn 

y  k=0  n  m  =0  m  =0  m  =0  ml  m2  “m  k  12  M 


)] 


1  2  M 


M 


x  II  cos(w  t-0 .  (t)  +  6.  (t+T))  (A. 31) 


i=l 


c  i  i 


where 


hk^mi *m2' *  *  * *  (l/2ir)/  G(w)u  e  n 


-R  (0)o)2/2  M 


n  i  (jwaj)daj  (A. 32) 

i=l  mi 


which  can  also  be  written  as 


«  .  -R  (0)<u2/2  (m  +m  +...+m ) 

hk(m1,m2,...  .m^)  -  (1/2 it)/  G(v)u>  e  n  j  1  2  M 


x 


M 

n 

i-i 


(wa^)  do) 


(A. 33) 


From  Eq  (A. 31)  the  output  signal  power  for  the  1th  signal  can  now  be 
found  as  is  done  in  chapter  three  for  a  hard  limiter. 
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desired  margins  in  a  specific  manner  until  all  margins  are 
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The  goal  of  this  thesis  is  to  develop  a  margin  leveling 
algorithm  under  specific  constraints.  The  satellite  under 
study  is  assumed  to  be  operating  with  the  TWTA  in  full 
saturation.  The  signalling  scheme  used  is  direct  sequence 
code  division  multiple  access  communications. 

Two  methods  of  margin  leveling  are  created.  The  first 
being  the  margin  leveling  of  only  the  links  in  which  the 
desired  margins  are  not  achieved.  The  second  being  the  margin 
leveling  of  all  links  whether  the  desired  margins  are  achieved 
or  not.  In  the  latter  case,  all  links  are  leveled  by  an  equal 
amount . 

Due  to  the  specific  satellite  model  used,  the  cascade  of 
two  bandpass  limiters,  the  amount  of  computer  time  needed  to 
perform  margin  leveling  is  quite  high.  It  is  found  that  the 
computer  time  needed  to  perform  margin  leveling  Increases 
proportionally  to  the  square  of  the  number  of  links  accessing 
the  satellite. 

Given  the  proper  amount  of  computer  time,  the  results  of 
the  margin  leveling  algorithm  were  as  expected.  For  either 
case  of  margin  leveling,  the  algorithm  produced  leveled 
margins  with  the  difference  between  the  desired  and  the 
leveled  margins  being  a  minimum. 
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